The bz locus in maize, which directs synthesis of the enzyme UDPglucose:flavonoid glucosyltransferase (UFGT) in the endosperm, is one of many loci at which controlling element-induced phenotypic changes are known. To characterize the nature of such modifications, several bz mutants derived by transposition of the controlling element Ds to the Bz gene were analyzed. Three mutants were found to lack UFGT at all stages of endosperm development. Two others appeared to make an altered UFGT, and in one of these the enzyme showed an altered developmental profile.
Although in the last 25 years the formal genetics of controlling element systems has been extensively studied, only two reports have dealt with the effects of controlling elements on gene action at the protein or enzyme level. Schwartz (13) examined electrophoretically and immunologically four shrunken (sh) mutants that had Ds at the Sh locus; in all these mutants the endosperm protein controlled by Sh was missing. He concluded that association of Ds with the SA gene led in these cases to complete repression of the gene (14) . Hannah and Nelson (15) have recently obtained evidence that Ds can cause a structural alteration in the enzyme coded by the Sh2 (shrunken-2) locus. They found that the endosperm ADPglucose pyrophosphorylase in the Ds mutant sh2-m had an altered kinetic property. They tentatively concluded that Ds inhibited gene action in sh2-m by causing alteration, rather than elimination, of the gene product. This paper will deal with the nature of the modifications induced by Ds in the bronze (Bz) locus in maize, one of several complementary factors required for anthocyanin pigmentation in the aleurone layer of the seed (16) . The Bz system was chosen for the present study because: (i) several Ds-suppressed bz mutants were available that had been isolated and extensively characterized by McClintock (2, 10-12, 17, 18) , and (ii) the biochemical lesion of the bz mutant was known (19) . Bz appears to be the structural gene for the enzyme UDPglucose:flavonoid 3-O-glucosyltransferase (UFGT), which catalyzes the reaction shown in Fig. 1 (20, 21) . Results to be presented here indicate that association of Ds with the Bz locus can lead to one or more of the following consequences: absence of any detectable gene product, alteration of the enzyme coded by the locus, or change in the developmental pattern of enzyme production.
MATERIALS AND METHODS Mutants. The controlling element mutants listed in Table  1 were originally obtained from B. McClintock. They were subsequently incorporated in the common genetic background of a W22 inbred line that carried all the complementary factors for aleurone pigmentation. All Ds mutants were examined in the absence of Ac.
Enzyme and Protein Assays. UFGT and total soluble protein were assayed as described by Dooner and Nelson (21) . One unit of enzyme is defined as that producing 1 prmol of isoquercitrin per hr under the standard assay conditions. Enzyme Preparation. Endosperm UFGT was prepared for assay as described (21) . Immature seeds collected from fieldgrown plants were frozen on dry ice and stored at -20°until Developmental studies of UFGT in normal endosperms showed that the enzyme activity peaks at physiological maturity of the kernel and that no diminution occurs as dessication proceeds. Therefore, enzyme levels conditioned by the various bz alleles listed in Table 1 were first determined in dry mature endosperms ( Table 2 ). The stable (non-Ac responding) mutants, bz-R and bz-s, and the Ds-suppressed mtuants, bz-ml, bz-m2(DI), bz-m2(DII) and Bz-wm, lacked all activity. The remaining mutant, the Ds-suppressed bz-m4, had a low level of activity. These data, which show that the activity found in bz-m4 is bz-locus dependent, raise questions regarding: (i) the nature of the residual bz-m4 activity at maturity, and (ii) the total absence of activity in the other Ds-suppressed mutants.
Determination of Crossreacting Material in bz Mutants at Maturity. The following immunoprecipitation protocol was adopted to determine whether the residual UFGT activity in bz-m4 represented a quantitative decrease in the enzyme and whether the remaining Ds-suppressed bz mutants, which lacked all activity, synthesized a protein (CRM) that was immunologically crossreactive with the normal enzyme. In preliminary experiments, the anti-UFGT serum was titrated against a normal enzyme preparation from mature endosperms to determine its anti-UFGT titer (Fig. 2) . Then, the capacity of mutant endosperm extracts to remove UFGT-specific antibodies from the serum was tested by incubating these preparations with antiserum and measuring the extent to which the preabsorbed antiserum inactivated a given amount of normal enzyme (Table 3) .
Because the buffer-pretreated specific serum should retain all its anti-UFGT activity and the buffer-pretreated nonspecific serum should contribute none, the first two lines in Table 3 provide the two reference points against which to compare the normal and mutant endosperm preparations. Most of the transferase-specific antibodies were absorbed by pretreatment of the antiserum with a normal endosperm preparation, whereas none were removed by pretreatment with buffer. As Fig. 2 to y = 0. The mixtures were centrifuged and the supernatants were used in step 2. t Step 2. The supernatants from step 1 were incubated with a fixed amount of normal enzyme predetermined by titration experiments to be more than 90% inactivated if no UFGT-specific antibodies were removed from the serum by the pretreatment. The mixtures were centrifuged and the enzyme activity remaining in the supernatant was determined.
findings to emerge from this study were: (i) other than in bz-m4, no activity or appreciable CRM could be detected in any mutant at any developmental stage tested, and (ii) although in normal endosperms enzyme activity rose sharply after 26 days and reached a maximum at maturity, in bz-m4 endosperms enzyme activity was actually higher than normal at 26 DAP but then steadily declined until at maturity it amounted to less than 1% of normal (Fig. 3A) . This decline in activity was not due simply to enzyme inhibition because the amount -of activity present throughout development was roughly proportional to the amount of CRM.
To examine whether the enzyme in bz-m4 differed from normal, several properties of the UFGT from Bz and bz-m4 immature endosperms (30 DAP) were compared. (i) The two enzymes had identical Kms for UDPG and quercetin, the two substrates involved in the routine reaction assay; both could use cyanidin and UDP galactose as alternate substrates, and neither could utilize ADP glucose as a glycosyl donor. Thus, they did not differ in substrate affinity or specificity. (ii) They also showed exactly superimposable elution profiles from a Bio-Gel A-1.5m gel filtration column, suggesting no large size differences. The apparent molecular weight of the normal UFGT, as determined in a calibrated Sephadex G-200 column, was about 50,000 (unpublished data). (iii) The enzyme from bz-m4, however, consistently was found to differ from normal with respect to heat stability (Fig. 3B) . At 550 the mutant enzyme was considerably more thermolabile than its normal counterpart, losing its activity at a rate greater than 2.5 times the normal rate. The difference in heat stability appeared to be amplified with further purification of the enzymes (data not shown). These results indicate that a less stable, structurally altered UFGT is synthesized in bz-m4 endosperms as a consequence of Ds association with the Bz locus. The higher-than-normal level of activity seen in bz-m4 at 26 DAP suggests a difference in time of gene expression as well, an inference validated by later experiments.
The findings of no activity or CRM in Bz-wm endosperms at any developmental stage and of possibly higher-than-normal activity levels in bz-m4 early in development prompted a Genetics: Dooner and Nelson reinvestigation of UFGT activity in these mutants during endosperm development. Kernels were collected from greenhouse-grown plants starting at 15 DAP and continuing through to maturity. The freezing and storage steps were omitted, the kernel samples being processed immediately and assayed within 24 hr of harvesting. The UFGT developmental profiles obtained by this procedure are presented in Fig. 4A . A high percentage of normal activity was detected in Bz-wm during early stages of development (up to 30 DAP). However, in later stages, even though substantial pigment accumulated in Bz-wim endosperms, enzyme activity declined. That -the activity in 22-day-old Bz-wm endosperms is less heat stable than normal is shown in Fig. 4B . Also presented in this figure are thermal denaturation data for the UFGT extracted from. 22-day-old bz-m4 endosperms, which confirm that the enzyme in this mutant is, likewise, less stable than normal. The finding of altered enzymes in bz-m4 and Bz-wm indicates that modification of gene action by Ds can occur through a structural alteration of the gene product.
The bz-m4 UFGT developmental curve in Fig. 4A is of particular interest. In very early developmental stages there was considerably more enzyme in bz-m4 than in normal endosperms. At 18 DAP, UFGT activity in bz-m4 was more than 6 times higher than normal. Activity in the mutant peaked at around 22 DAP and then declined. The faster drop in bz-m4 enzymatic activity seen in Fig. 4A (Fig. 4A) .
The present observations on bz mutable alleles can be explained, in light of current knowledge, by making assumptions regarding the genetic organization of maize loci and the controlling element Ds. For example, one can adopt the generally accepted view that eukaryotic genes are comprised of structure-determining sequences contiguous to regulatory sequences (23) and, because Ds and insertion sequences (IS) in Escherichia coli (24) share some properties, topographical details of IS2 such as a promoter region (25) and a rho-binding site (26) can be extrapolated to Ds. Then, one can account for the diverse Ds effects observed by postulating that Ds can become inserted at any one of several sites within a gene and that the type of ensuing modification depends on the site and orientation of insertion. The fine structure analysis of the wx locus in maize (27) has provided evidence that, in fact, controlling elements map at variable positions within a gene locus. However, elaboration of such a model seems at this point unwarranted because the analogy between eukaryotic and prokaryotic systems probably constitutes an oversimplification.
Regardless of the nature of Ds, some aspects of the speculative model outlined above can be tested by further experimentation. Investigations directed to this end could utilize: generation of new bz mutants by ethyl methanesulfonate mutagenesis and biochemical analysis of such mutants; mapping of the controlling element .mutants relative to each other and to stable, biochemically characterized bz mutants; determination of the nature of the alteration in the UFGTs present in bz-m4 and Bz-wm, and examination of the effects of the c and r mutations, which appear to regulate UFGT activity (21) , on the bz-m4 UFGT. Such experiments may help to elucidate the relationship between a controlling element's position of insertion within a locus and its effect on gene activity. Conceivably, such experiments could also provide information on the organization of a higher plant gene.
